Interest in aluminium alloy composites as wear resistant materials continues to grow.
R e v i e w
C o p y 3 intermetallics; Ni 3 Al, Cr 3 Si and MoSi 2 , as well as with a more conventional SiC ceramic, produced through the same process. Ni 3 Al has already shown good tribological behaviour as a reinforcement under dry sliding conditions [17, 18, 21] , however Cr 3 Si and MoSi 2 are novel reinforcements, chosen for their high elastic modulus, but lower hardness compared to SiC.
Previous studies [22] have shown that a 15vol.% reinforcement of Cr 3 Si and MoSi 2 in a 2124 matrix provided composites with similar yield strengths to that of 2124 + 15vol.% SiC, but with improved ductility.
The wear mechanisms involved are discussed as a function of lubrication, alloy and reinforcement compositions. Relative wear resistance of samples is compared using specific wear rates calculated as a function of volume loss, whilst results of extensive scanning electron surface microscopy, coupled with 3D tomographic reconstruction and the investigation of selected sub-surface regions using focused ion beam techniques are also presented.
Experimental Procedure
Consolidated 2124 and 5056 composites reinforced with Cr 3 Si, MoSi 2 , Ni 3 Al and SiC particulates were produced through a powder metallurgy/extrusion process, detailed elsewhere [17, 18, 22] , but summarised as follows. Aluminium alloy powders were produced by inert gas (argon) atomisation, with a mean particle size, d 50 of 28µm and supplied by Alpoco, Sutton Coldfield, UK; compositions are detailed in Table 1 . Cr 3 Si, MoSi 2 , Ni 3 Al intermetallic powders, supplied by INASMET, San Sebastian, Spain, were produced by selfpropagating high temperature synthesis (SHS), followed by mechanical milling and grading to obtain particles sizes <10µm. SiC powder with a mean particle size of 5µm was obtained from a standard commercial supply. Reinforcement properties are detailed in Table 2 . The mixed powders were cold compacted at 300MPa for 3 minutes, by Creuzet, Marmande, France, prior to final consolidation by hot extrusion at 400-450ºC, with extrusion ratios of 77:1 for intermetallic composites and 30:1 for un-reinforced and SiC reinforced composites.
Extrusion of both 2124 and 5056 un-reinforced alloys was also undertaken in a similar manner, for comparative purposes. 2124 + SiC was heat treated to the T351 condition after extrusion, for optimal hardness, while the other 2124 composites were simply water quenched and naturally aged. Vickers microhardness (200g-15s) and optical micrographs of each extruded polished transverse section were made.
Lubricated sliding wear tests of all specimens were conducted using a Cameron-Plint TE-53 multipurpose friction and wear tester, with a pin-on-ring geometry, according to the procedure outlined in ASTM standard G77. A commercial synthetic motor oil, Mobil 1 Motorsport (SAE 15W-50) was used to give optimal lubrication, with a viscosity of 1.0×10 -4 kg m -1 s -1 at 40ºC. Pin specimens were prepared by sectioning across the transverse direction of the extruded material at 12.8mm intervals and then grinding/polishing to a 1µm polished finish. The counterface was a crowned M2 tool steel ring, of 60mm principle radius with a crown radius of 100mm, hardened to 705 H V and also polished to a 1µm finish, giving R a values between 0.1-0.2µm. A second counterface of exactly the same dimensions, but higher hardness of 882H v was used to test the un-reinforced 5056 alloy. This was necessary due to cracking and failure of the original counterface.
Testing was carried out at a constant sliding velocity of 0.94ms -1 (300 rpm) and a normal load of 630N. This corresponded to the initial Hertzian contact pressures for point contact, determined for composites by a rule of mixtures [23] , shown in Table 3 , and in the R e v i e w C o p y 5 range ~750-890MPa for the composite materials whilst slightly lower for the un-reinforced alloys. These values exceeded the Tresca criterion for initial sub-surface yielding, but were low enough to ensure that significant plastic deformation from the bulk to the surface did not take place. Friction coefficient was measured by means of a load transducer, recording the lateral force on the shaft holding the pin specimen.
Tests for all materials were run for extended periods to assess the wear resistance over large sliding distances. Frequent interruptions were made to remove, clean (teepol/acetone) and weigh specimens to ±0.1mg; however, as mass loss was minimal, measurement of the final wear scar dimensions became the only effective way to measure volume losses. Sample lengths across the short axis of the elliptical wear scar were taken at 0.5mm intervals along the length of the scar. The volume of each 0.5mm sample interval, V i was calculated using equation (1):
where D is the reduced diameter of the counterface (taking account of the crown) and d is the sample width measured from the wear scar. The total volume loss for the scar is taken as the sum of the individual sample intervals. Mass loss (and subsequently volume loss measurements from density values) were later made to an accuracy of ±0.001mg for 2124
and 5056 alloys, and showed good correlation with volume loss data from scar dimensions.
Tests were recommenced after specimens had been replaced in exactly the same position, and any necessary top up of the lubricant made. Comparison of relative wear rates was made by calculation of the specific wear rate (otherwise known as the dimensional or Lancaster wear coefficient, K' [24] ).
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Detailed analysis of the worn surface was carried out using scanning electron microscopy (SEM, Jeol 840, 6400, 6500F) operating in the range 7-20kV. Backscattered electron images (20kV) were used to assess the volume fraction of reinforcement present at the worn surface, through point counting. Energy dispersive X-ray (EDX) analysis was performed on selected areas using an Oxford Exl system on Jeol 6400 and a Rontec system on Jeol 840. Secondary electron images were also used to obtain stereo pairs at 16º tilt to each other. Mex software, from Alicona, allowed tomographic reconstruction of surface topography from these images, providing depth profiles.
Focused ion beam (FIB, Jeol 6500F Fabrika) microscopy was used to determine the sub-surface structure of selected areas of the worn surface. A beam of gallium ions operating at 30kV, and 1.5µA beam current, was used to mill trenches approximately 10µm wide and 4µm deep. Subsurface features were then imaged using the FIB, at a probe current of 50-90pA, which also provides information from ion channelling contrast about grain orientations.
Results

Starting Microstructure
The microstructure of the as-extruded specimens was made up of a relatively even distribution of reinforcement throughout the matrix, as shown for 5056 + MoSi 2 in Figure 1 , with a minimal amount of porosity (<2%). The shape of the silicide particulate reinforcements was relatively equiaxed, whereas higher aspect ratios were seen for both the angular SiC particles and the more rounded Figure 3 and Table 4 give the specific wear rate for all samples after lubricated sliding, with values ranging from approximately 8×10 -11 to 1×10 , respectively.
Specific Wear Rate
The change of scar geometry with sliding distance for 5056 alloy was recorded in more detail and revealed that after an initial high volume loss (~0.4mm 
Friction Coefficients
Average friction coefficients for all tests were within the range 0.01-0.11, as detailed in Table   4 , the higher values all being for the silicide reinforced composites. Figure 4 shows the typical friction behaviour observed during the tests, where a large friction peak was associated with the initial rotation of the counterface from stationary. This high value of µ was not sustained for a significant sliding distance, and reduced to a lower, steady value for 
Worn surface observations
An elliptical wear scar characterised the worn surface of each pin to the naked eye, whilst optical microscopy revealed a distinctive leading edge that was the primary contact point of the counterface. The opposite edge was less apparent and often contained pits and short, but deep grooves associated with the ejection of material from the contact region. Profilometry of a number of scars indicated that the latter edge of the scar was sometimes raised from its initial surface plane, suggested some plastic flow of material at the constricted exit. Backscattered electron images of all samples revealed particles other than reinforcements, of the order 1µm and less, lying embedded in the matrix, as in the case of 2124, Figure 7a ). Stretches of these particles were seen parallel to the sliding direction, particularly in the case of 2124 + SiC, around proud SiC particles. EDX analysis of both of these regions confirmed the presence of Fe and other elements associated with particle transfer from the counterface.
Tomographic Reconstruction
Tomographic reconstruction of tilted SEM stereo pairs such as those in Figures 8-12 give information about specific height distributions over the worn surface. The overall height distribution for all samples investigated was small, 3-4µm, but rougher than the polished starting surfaces. A greater height difference was observed with 5056 + Ni 3 Al, Figure 10 , where although the wear surface was within the same roughness scale, craters extended as deep as 12µm. Interestingly, some Fe-rich particles were found implanted into the surface of the 5056 alloy, Figure 8 . However, as shown by the corresponding texture depth image, the height difference between these particles and the surrounding matrix was negligible, although deeps pits were often seen immediately behind. Figure 12 confirmed the severity of abrasion clearly visible at the worn surface of 2124+ SiC. Surface height changes were abrupt, perpendicular to the sliding direction, as the peaks and troughs of multiple wear tracks were traversed, in contrast to other samples where surface gradients were much shallower.
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Focused Ion Beam Microscopy
The versatility of FIB techniques to analyse site-specific sub-surface behaviour was demonstrated in Figures 13-19 . Ion channelling contrast revealed the strain and depth of deformation of aluminium grains. The un-reinforced 5056 alloy, Figure 13 showed heavily deformed grains, strained parallel to the sliding direction, extended to a depth of 1-1.5µm
from the surface, with equiaxed grains of the order 2µm at greater distances. A greater amount of plastic deformation appeared below the surface of the lower trench in Figure 13 , compared to the upper trench, attributed to the broad wear track. In all samples, subsurface voids were also apparent further away from the region of greatest strain, along with the flow of smaller particles at the grain boundaries towards the sliding direction. Figure 14 shows a section through a large (~6µm) Fe-rich particle on the surface of the 5056, believed to be from the counterface. It appears that these particles had been pushed along the surface, leaving a distinct wear groove in their wake. Ion beam sectioning through this vicinity revealed numerous interesting features, labelled A-E: A indicates local cracking within the debris; B shows flow of the matrix around the debris particle; C relates to intimate contact between the particle and the matrix; D shows cracking of the matrix and E refers to ploughing of the matrix by a second debris particle. Lines believed to reflect the flow of matrix around the bottom of the particles could just be resolved, although these were somewhat obscured by milling effects (vertical lines, re-sputtered material). Also apparent was the effect of atomic number contrast from the secondary ion emission, where heavier elements appear darker than the matrix, the opposite to backscattered electron contrast [25, 26] .
The worn surface of the 2124 alloy showed a similar region of heavily deformed
grains at approximately 1µm depth, Figure 15 , in trenches milled parallel and perpendicular to the sliding direction. In the trench perpendicular to the sliding direction, the depth of the R e v i e w C o p y 11 deformed near surface layer was extended at the base of a groove, an effect also seen in Figure 19 , where a non-linear wear track passes through the surface of 5056 + MoSi 2 .
However measurements of plastic deformation from the surface indicated that the region of highest strain is in fact to the sides of the groove and not directly under it, suggesting ductile micro-ploughing instead of a direct load bearing effect.
The strain of certain features such as smaller particles toward the sliding direction would suggest that the total depth of deformation of the sub-surface region extended below the viewable area of these trenches. It does not appear that the strained length of these features reaches a perpendicular geometry at the base of the milled trench. Figure 16 shows the subsurface microstructure of the 2124 + SiC composite, which was distinctly different to others, in that no evidence was found of surface deformation;
rather relatively equiaxed grains were seen even at the surface. Indeed it appeared that load transfer has occurred only below the SiC particle standing above the surface, to the left of the image, with heavily deformed grains up to a depth of approximately 2µm below the particle.
Angular pits within the surface also suggest that SiC particles have been removed from these areas.
Milling of the 5056 + Ni 3 Al specimen, Figure 17 , showed that cracks which were clearly visible on the surface of the specimen, also extended below the worn surface, and appeared to be deflected by the presence of a Ni 3 Al particle, to the left of the upper trench.
Also apparent in the top trench was the flow of matrix around the Ni 3 Al particle to the left, whilst the total depth of deformation was still in the range 1-1.5µm.
Sections through the worn surface of the silicide reinforced alloys, Figure 18 , showed fracture and re-embedding of the silicide phases in the matrix at the near surface region, while larger particles away from the worn surface exhibited no visible effect of the wear process. The depth of strain deformation appeared similar to that for the un-reinforced alloys.
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The worn surface of these composites also exhibited what appeared to be surface cracks, parallel to the sliding direction. However, a FIB trench milled perpendicular one of these features, Figure 19 , showed them to be non-linear abrasive grooves, with evidence of subsurface plastic deformation and the ability of the reinforcements to deflect the linear propagation of the abrasive particle.
Discussion
Lubricated Sliding Mechanisms
The presence of transferred Fe on the worn Al-alloy surfaces and the initially high friction coefficients are consistent with boundary lubricated conditions. This was observed particularly in the un-reinforced 2124 and 5056 alloys and SiC reinforced 2124 alloy, and to a lesser extent in the intermetallic reinforced composites. Initial Hertzian contact stresses were high as a result of non-conformal surfaces, which would preclude any lubrication regime other than boundary. However, as the test proceeded, wear resulted in conformal contact surfaces and a substantial drop in friction coefficient, a pattern consistent with a transition from boundary to mixed lubrication conditions. Nevertheless, the minimal variation in worn surface heights of 3-4µm, and specific wear rates of the order <1×10 
Effect of Matrix Composition for monoliths
The overall wear rate for lubricated sliding of the 2124 precipitation hardened alloy at high normal contact loads was lower than for the work hardening 5056 alloy, although the higher hardness of the second test counterface cannot be completely disregarded. The depth of R e v i e w C o p y 13 deformation for both alloys is similar, which leads to the suggestion that it was the abrasive wear of the softer surface that results in the higher wear rates seen for the 5056 alloy. A similar trend was seen for dry sliding of these alloys against a M2 tool steel counterface, in the load range 42-140N, by Ghazali et al [27] , although, differences evidently exist between the relative wear mechanisms of dry and lubricated sliding.
Transfer of Fe from the counterface was observed for both un-reinforced 2124 and 5056 alloys, as shown by EDX and FIB cross sections, the distribution of which was demonstrated by 3D surface reconstructions. The abrasive action of these Fe-rich particles is unquestionable, Figure 14 , since their presence was characterised by a groove in their wake.
The pressure acting on the particles must have been significant, in excess of the flow stress of the Al-alloy, since the majority of the particle was below the worn surface. Moreover, the intimate contact of particle and matrix, with an absence of any significant voids at the interface, further indicates the pressure on the particles. However, it is interesting to note that, although severe plastic deformation was observed in the matrix around these Fe particles, the total depth of severe deformation in other areas of the matrix was not large (~1.5µm). Voids within grains were present below the region of heaviest plastic deformation, indicating that the subsurface stress levels were sufficiently high to cause nucleation, but not high enough for void coalescence to form sub-surface cracks, the exception perhaps being 5056 + Ni 3 Al.
Sections perpendicular to wear grooves in both un-reinforced and reinforced samples surface reinforcement volume fraction, compared to only a ~10% increase for the corresponding 2124 silicide reinforced matrix. This significant difference was a result of the difference in hardness of the two alloys and suggests that a more ductile matrix with a harder reinforcement, which initially fractures but then re-implants itself into the surface, is an optimal combination for lubricated wear resistance. The benefit of using a reinforcement that does not plastically deform, but does not have such high hardness so as to cause significant damage to the counterface is also apparent.
Summary
The predominant wear mechanism during lubricated sliding of 2124 and 5056 aluminium alloys was mild wear by abrasion. 2-and 3-body abrasives, particularly from the counterface, plastically deformed the surface by micro-ploughing and indentation.
The introduction of a harder reinforcing second phase to the matrix resulted in an improvement of wear resistance for both alloys. However, use of the hard ceramic SiC as a reinforcement caused severe abrasion of both contacting surfaces. The use of intermetallics as reinforcement materials allowed similar improved wear rates to that of 2124 + SiC to be obtained, but with less apparent damage and transfer of material from the counterface. This is believed to be a direct result of their lower hardness.
In the case of the silicide reinforced composites, the best wear resistance, particularly for 5056 + MoSi 2 , was achieved by the ability of the composites to optimise the near surface layer. Silicide particles exceeded their fracture toughness under the applied contact stress and liberated small particles as debris. Re-implantation of these debris particles, facilitated by the lubricant, into a ductile matrix, increased the local volume fraction reinforcement and hence overall surface hardness. 
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